Abstract: In this paper, we experimentally demonstrated transmission of a 100-Gb/s discrete Fourier transform (DFT)-spread 32-quadrature amplitude modulation (QAM) discrete multitone (DMT) signal in an intensity-modulation/direct-detection system utilizing a direct-modulated laser. We find that DFT-spread cannot only reduce the peak-to-average power ratio but also improve the robustness to high-frequency power attenuation and narrow-band interference in the high-speed short-reach optical communication systems. Vestigial sideband (VSB) enabled by a narrow-bandwidth tunable optical filter can be adopted to resist the power fading effect induced by the fiber chromatic dispersion after direct detection. The measured bit error ratio (BER) of 100-Gb/s VSB DFT-spread DMT signal after 20-km large effective area fiber is less than the hard-decision forward-errorcorrection (HD-FEC) limitation of 3:8 Â 10 À3 .
Introduction
The emergence of bandwidth hungry services such as high-definition television (HDTV), video calling, and cloud computing, has driven the demand of higher and higher capacity in short reach optical communication systems. Advanced modulation formats including half cycle 16 QAM [1] , discrete multi-tone modulation (DMT) [2] - [14] , pulse amplitude modulation (PAM) [15] and carrierless amplitude phase modulation (CAP) [12] , [13] , [16] - [18] have recently been reported in high-speed short reach optical communication systems with intensity modulation direct detection (IM/DD). DMT is a multi-carrier scheme which derives from OFDM with only a real valued signal. It inherits all advantages of OFDM signal, such as transparency to modulation formats and robustness to chromatic dispersion and polarization mode dispersion [2] - [14] . Among these four types of advanced modulation formats, DMT is the most practical solution. The frequency domain equalization scheme for DMT is transparent to modulation formats on each subcarriers, thus it is easy to upgrade to higher capacity with higher level modulation formats. High Peak-toAverage Power Ratio (PAPR) is an obvious drawback in DMT. In high data rate DMT optical communication system, high PAPR and power attenuation in high frequency degrade the performance of DMT signal. In order to reduce the PAPR, discrete-Fourier-transform spread (DFT-spread) is introduced in the IM/DD system with plastic optical fibers transmission [2] , while the total bit rate is relatively low. Power loading (pre-equalization) and bit loading [6] - [10] are introduced to overcome the power attenuation, but the PAPR of the DMT signal after pre-equalization becomes relatively high [6] . Moreover, power loading and bit loading may not be practical in real links as calibration is really complicated.
It is the first time, to our best knowledge, to compare the performance of DFT-spread DMT and conventional DMT for 100 Gbit/s signal transmission in IM/DD system over 20-km large effective area fiber (LEAF). Compared to conventional DMT, DFT-spread DMT has lower PAPR and demonstrates better performance in resisting high frequency power attenuation. We also find that DFT-spread is effective in resisting narrowband interference induced by clock tones from digital-to-analog convertor (DAC) and analog-to-digital convertor (ADC). The scheme with DFT-spread is much more practical as complicated calibration for bit and power loading is not required. Each QAM data symbol is carried on multi-subcarriers after DFT-spread, thus DFTspread DMT is robust to high frequency power attenuation and narrowband interference. Frequency fading effect for 100 Gbit/s 32-QAM-DMT signal induced by CD is significant even the fiber span is really short in IM/DD systems, vestigial sideband (VSB) enabled with a narrow bandwidth tunable optical filter (TOF) can be adopted to resist the power fading effect after fiber transmission [17] . We experimentally demonstrated transmission of 100 Gbit/s DFT-spread 32 QAM-DMT signal in IM/DD system utilizing direct modulated laser (DML). Experimental results show that the bit error ratio (BER) performance of DFT-spread DMT outperforms DFT-spread DMT with pre-equalization, conventional DMT and conventional DMT with pre-equalization. The measured BER of VSB DFT-spread DMT signal after 20-km LEAF is below the hard decision forward error correction (HD-FEC) limitation of 3:8 Â 10 À3 .
Experimental Setup
The experimental setup for the 32-QAM-DMT signal transmission utilizing DML in IM/DD system is shown in Fig. 1 . The DMT signal is generated off-line in Matlab and then uploaded into a Fujitsu DAC with 64-GSa/s sampling rate and 13 GHz 3-dB bandwidth. Here the DFT size for DMT signal generation and demodulation is N, of which L low positive frequency subcarriers carry data and the 1st subcarrier of the IDFT array is set to zero for DC-bias. Another L low negative frequency subcarriers are the complex conjugate of the aforementioned L low positive frequency subcarriers to enforce Hermitian symmetry in the input facet of the IDFT. Other high frequency subcarriers are set zeros for oversampling. To obtain 100 Gbit/s raw bit rate with 32-QAM DMT, the bandwidth should be 20 GHz, the L should be 20=64 Â N. One training sequence (TS) is inserted before DMT symbols to realize time synchronization and obtain channel response, QPSK modulation format is chosen to be the TS according to our previous study [14] . After cyclic prefix (CP) is added, the signal is uploaded into the DAC. All data-carried subcarriers are classified into one band during DFT-spread implementation. The additional L-point DFT/IDFT is optional and only necessary for DFT-spread DMT. The DMT signal from DAC is amplified to 2.4 V by an EA with 20-dB gain. A 1.55-m commercially available 10-Gb/s DML (NLK-1551-SSC) is used in our experiment setup. The laser wavelength is 1537.9 nm and its threshold current 15.3 mA. At a bias current of 89 mA, the output power was 8.6 dBm. The chirp parameter of DML is about 2.7. The modulation input (coaxial connector) is on one side of the packaging of DML, while the other pins are for the bias current, temperature control and monitoring are on the other side. During the experimental setup, the DML is controlled with temperature control equipment, thus the central frequency of optical carrier from DML will not have the frequency drifting problem. The modulated signal is directly injected into 20-km LEAF. The dispersion coefficient D and attenuation coefficient of LEAF are 4 ps/nm/km and 0.21 dB/km, respectively. After fiber transmission, one attenuator is added to adjust the received optical power. One Erbium-doped fiber amplifiers is cascaded to boost the optical signal and a narrowband tunable optical filter (TOF) BVF-200CL from Alnair Labs is used to generate optical double/ vestigial sideband (DSB/VSB) DMT signal. And then O/E conversion is implemented via an Agilent analog receiver with 15 GHz and 11 GHz 3-dB optical and electrical bandwidth, respectively. The required received optical power for this receiver is −16 dBm for 10-Gb/s on-off keying (OOK) signal. After a low-pass filter (LPF), the signal is captured by a Tektronix oscilloscope with 50-GSa/s sampling rate and 20 GHz maximum available bandwidth with DSP enhance technique, and then the signal is processed by off-line digital signal processing (DSP). The offline DSP includes down-sampling, frame synchronization, CP removal, N-point DFT, channel estimation, optional L-point IDFT, direct-decision feedback phase estimation, 32-QAM de-mapping and error counting. The intra-symbol frequency-domain averaging (ISFA) [19] is applied in the channel estimation, the optional L-point IDFT is only for the DMT with additional DFT in the transmitter and direct decision feedback phase estimation is used to eliminate phase noise. In order to compensate the high frequency attenuation with pre-equalization, we have to get the channel response with the aid of TS during the system calibrations. In order to suppress the noise in the optical link during channel estimation, time-domain averaging method is adopted. The length of TSs in the time-domain averaging method should set within a certain period when the channel response within can be regard as static. In this paper, 63 TSs is used to obtain channel response with time-domain averaging method. After obtaining the channel response, pre-equalization can be implemented in the frequency domain. Four types of DMT signal including DFT-spread DMT, DFT-spread DMT with pre-equalization, conventional DMT and conventional DMT with pre-equalization are tested in the system. Fig. 2(a) gives the probability distribution of amplitude of these four types of DMT signal with 8192 total subcarriers and 2560 data subcarriers. The probability distribution of conventional DMT signal and conventional DMT signal with pre-equalization follows Gaussian distribution. In the simulation we find that the DFT-spread DMT is combined by one high probability n-PAM signal and one low probability analog signal, this explains why the PAPR of DFT-spread DMT is lower than conventional DMT signal. The n is just the level of digital modulation formats. In this paper, the level of 32-QAM is 6, so the level of the PAM signal should be 6. For the DFT-spread DMT signal, 6 high probability discrete peaks disappear after pre-equalization, while the PAPR is still lower than conventional DMT as the probability of signal with large amplitude is higher than that of conventional DMT. Complementary cumulative distribution function (CCDF) denotes that a probability distribution of the PAPR of current DMT symbol is over a certain threshold. Fig. 2(b) gives the calculated CCDF curves. The PAPRs of conventional DMT and conventional DMT with pre-equalization are nearly the same and the PAPR of DFT-spread DMT is increased after pre-equalization. 3.3-dB PAPR improvement is attained for DFT-spread DMT compared with conventional DMT at the probability of 1 Â 10 À3 .
Experimental Results and Discussion
Fig . 3 gives the BER of DFT-spread DMT versus DFT size N in optical back-to-back (OBTB) with −5.3 dBm received optical power and the raw bit rate of DFT-spread DMT signal is maintained at 100 Gbit/s. As the increase of DFT size can help to improve resolution in the frequency domain during channel estimation and tolerance to bandwidth limitation induced inter symbol interference (ISI), the BER performance is improved when the DFT size N increases, which is shown in Fig. 3 . In the rest of this paper, N and L are set to 8192 and 2560, respectively. The length of CP is 4 and 1 TS is inserted every 62 DFT-spread DMT symbols. The net bit-rate is thus 62=ð62 þ 1Þ Â 2560=ð8192 þ 4Þ Â 5 Â 64 ¼ 98:36 Gb/s. The performance is improved due to enhanced robustness to ISI and the improvement of frequency resolutions in the channel estimation [6] . Optical spectra (0.02-nm resolution) for four types of DMT in OBTB are given in Fig. 4(a) . Under the same received optical power, the OSNRs of DFT-spread DMT and DFT-spread DMT with pre-equalization are higher than conventional DMT and conventional DMT with pre-equalization, respectively. As the PAPR of DFT-spread DMT is the lowest, the average electrical power and total OSNR of DFT-spread DMT should be the highest. After pre-equalization, the PAPR of DFTspread DMT becomes higher, which leads to the OSNR degradation. Electrical spectra of four types of DMT in OBTB with −5.3 dBm received optical power are given in Fig. 4(b) -(e). After preequalization, the power on different subcarriers is evenly distributed. We can also find that the SNR of DFT-spread DMT is the highest which is shown in Fig. 4(b) . The error bits versus frequency for four types of DMT signal in OBTB with −5.3 dBm received optical power are shown in Fig. 5 . Some frequency bins with relatively high error ratio appear in conventional DMT and conventional DMT with pre-equalization in Fig. 5 (c) and (d), this may be caused by narrowband interference from the clock tones of DAC and oscilloscope. While the error ratio of conventional DMT increases when the frequency increases, which is induced by power attenuation at high frequency bins and can be compensated by pre-equalization. After DFT-spread is applied in the DMT transceiver, the error bits for DFT-spread DMT in Fig. 5(a) and DFT-spread DMT with pre-equalization in Fig. 5 (b) become evenly distributed as each 32 QAM symbol spreads into whole signal bandwidth. The total BER of DFT-spread DMT is the lowest. The corresponding constellations for four types of DMT signal are shown in Fig. 6 and the constellation of DFT-spread DMT is the most centralized. The BER versus received optical power for four types of DMT signal in OBTB are shown in Fig. 7(a) . In this IM-DD link, the maximum OSNR we can achieve is limited as the peak-to-peak voltages of input signal into driver and DML are well controlled to avoid nonlinear distortions. Under the same peak-to-peak voltage limitation, the signal with lower PAPR in this IM-DD link can acquire higher maximum OSNR as its total power is higher. In this experiment, the OSNR of DFT-spread DMT should be higher than that of DFT-spread DMT with pre-equalization under the same received optical power as DFT-spread DMT has lower PAPR. The BER of DFTspread DMT with pre-equalization is even worse than that of DFT-spread DMT under the same received optical power. The main bottleneck in this experiment is the limited OSNR. Higher OSNR can be obtained when DFT-spread DMT is transmitted in the link, thus DFT-spread DMT with pre-equalization has worse performance than that without pre-equalization.
We adjust the bandwidth of TOF to generate the VSB DMT signal to overcome the power fading in the fiber transmission. The central frequency and 3-dB bandwidth of passband are 1537.82 nm and 35 GHz, respectively. The offset frequency between central frequency of TOF and optical carrier from laser is 10 GHz. As DFT-spread DMT demonstrate the best performance, we only test it in the fiber transmission. The optical spectra of optical DSB and VSB DFT-spread DMT signal (0.02-nm resolution) are shown in Fig. 7(b) and TOF passband is also shown in Fig. 7(b) . The electrical spectra of received DSB and VSB DFT-spread DMT signal after 20-km LEAF at −5.3 dBm received optical power are shown in Fig. 7(c) and (d) , respectively. We can see significant power fading in the optical DSB DFT-spread DMT signal transmission case. The measured BER of DSB and VSB DFT-spread DMT are shown in Fig. 7(e) . The BER performance of DSB and VSB DFT-spread DMT in OBTB are nearly the same. While after 20-km LEAF transmission, the BER performance of VSB DFT-spread DMT is improved significantly compared to DSB DFT-spread DMT and less than the HD FEC limitation of 3:8 Â 10
À3 . The constellation of VSB DFT-spread 32QAM-DMT after 20-km LEAF with -5.3 dBm received optical power is inserted in Fig. 7 (e).
Conclusion
Transmission and reception of 100 Gbit/s DFT-spread 32 QAM-DMT signal is successfully demonstrated. After 20-km LEAF, the BER is lower than 3:8 Â 10
À3 . DFT-spread is applied to simultaneously reduce the PAPR of DMT signal, resist the power attenuation in high frequency and overcome the narrowband interference in the high speed short reach optical communication systems. The VSB DFT-spread DMT enabled with TOF is effective in overcoming the power fading after fiber transmission. 
